Introduction
============

Cerebral white matter injury (WMI) is recognized as the most common form of injury to the developing brain of neonates, especially survivors of preterm birth[@B1]. Although multiple factors are involved in brain injury, both infection and inflammation are well-established risks factors for WMI in the preterm population[@B2][@B3][@B4]. The major period of vulnerability for WMI occurs prior to the onset of myelination (23--32 gestational weeks)[@B5]. Preterm neonates are at high risk of severe and/or multiple bacterial infections between birth and hospital discharge[@B6]. For these reasons, several studies have sought to demonstrate a relationship between infection/inflammation and WMI in preterm neonates as well as to elucidate the underlying mechanisms[@B4][@B7]. However, infection/inflammation-associated brain injury does not occur exclusively in preterm neonates but is also seen in term neonates. Chorioamnionitis is an important risk factor for cerebral palsy in both groups[@B8]. The risk of cerebral palsy is increased by 2 to 12 fold in term neonates with antenatal choriomanionitis[@B8][@B9][@B10]. Nevertheless, the principal anatomic substrate of infection/inflammation-associated cerebral injury in term neonates is not known.

In this regard, recent reports of neonatal seizures associated with rotavirus infection in term neonates suggest several new and surprising perspectives[@B11][@B12][@B13]. First, infection/inflammation might induce WMI in term-neonates as well as preterm neonates. Second, WMI might be caused not only by bacterial but also by viral infections. Third, the developing brain can be damaged by afebrile infections outside the central nervous system (CNS). Although further studies are needed to establish the relationship between rotavirus infection and WMI in term neonates, these recent reports[@B11][@B12][@B13] underscore the need for a paradigm shift recognizing the following: (1) that common viral infections can induce WMI in term neonates without direct viral invasion, and (2) that rotavirus is a common cause of neonatal seizures in term neonates.

In this paper, we review the history of rotavirus-associated neurological symptoms in newborns. We then discuss the clinical characteristics and prognosis of term neonates with rotavirus-associated WMI and compare both with the features of 2 other viral infections, parechovirus and enterovirus. Finally, we suggest further directions of research into rotavirus-associated WMI in the developing brain.

History of rotavirus as a cause of neonatal seizures
====================================================

Rotavirus is the most common cause of gastroenteritis-associated seizures in infants and young children[@B14]. Although neonates are vulnerable to seizures as well as rotavirus infection, the connection between the two in this age group has been overlooked for many years. Only a few studies have examined the association between rotavirus infection and neurological symptoms in newborns[@B15][@B16][@B17][@B18]. Rotavirus infection has been suggested as possible cause of \'fifth day fits\' in 1990s by Herrmann et al.[@B15]. They[@B15] observed an epidemic occurrence of 21 cases of \'fifth day fits\'. After a coincidental detection of rotavirus in the stools of several cases of fifth day fits, they tested the stools of 19 fifth-day fitters and 30 matched controls[@B15]. Rotavirus was detected in 18 of the 19 neonates (95%) with \'fifth day fits\' compared with only 12 of the 30 matched controls (40%) (*P*\<0.01)[@B15]. Before proceeding with the main topic of this review, rotavirus-associated WMI in newborns, we first need to consider the entity of \'fifth day fits\'. The term was introduced in the 1980s to describe an epidemic of neonatal seizures that occurred during the 1970s[@B19][@B20]. \'Fifth day fits\' are defined as the onset of seizures between the fourth and sixth days of life in otherwise apparently healthy full-term infants[@B20]. The seizures last an average of 24 hours[@B20]. The newborns are neurologically normal at the onset of the convulsion but become drowsy and hypotonic for several days thereafter[@B19]. Although the long-term prognosis was not defined in the original reports, these patients were assessed as normal at the time of their discharge from the hospital[@B21]. Acute zinc deficiency and feeding type were suggested as causes of fifth day fits, but neither was convincingly confirmed[@B22][@B23]. Environmental factors were also proposed as the etiology because the prevalence of this syndrome was periodically variable. Interestingly, rotavirus infections in humans were first detected in the 1970s. In newborns, they became an important issue following an outbreak in a neonatal care unit in mid-1970s[@B24][@B25][@B26]. The contemporary, epidemic-like occurrence of \'fifth day fits\' and rotavirus infection in newborns lent support to the suggestion of Herrmann et al.[@B15] However, the association between rotavirus and \'fifth day fits\' has not been replicated.

Around the same time with Herrmann et al.[@B15], an association between rotavirus infection and bradycardia-apnea episodes has been reported.[@B16] The incidence of bradycardia-apnea episodes was higher in neonates with than without rotavirus infection (33% vs. 8%, *P*\<0.05)[@B16]. Bradycardia-apnea episodes were significantly more common in term than in preterm newborns[@B16]. However, unfortunately, they[@B16] did not report when symptom onset occurred nor did they address the numerous central and peripheral causes that may induce apnea in newborns.

A few years later, a study in South Africa[@B17] yielded results that conflicted with the previous 2 studies[@B15][@B16]. Retrospective and prospective analyses found no association between rotavirus infection and the neurological symptoms of newborns[@B17]. However, the demographic characteristics of the patients were unclear, and significant selection bias was suspected[@B17]. In the following decade, rotavirus was ignored as a cause of neonatal seizures. However, recent studies[@B11][@B12][@B13][@B18] that included neuroimaging again suggested rotavirus as a cause of neonatal seizures or WMI.

Clinical characteristics of rotavirus-associated WMI in newborns
================================================================

Recent studies[@B11][@B12][@B13][@B18] of WMI in neonatal seizures and the potential involvement of rotavirus infection are summarized in [Table 1](#T1){ref-type="table"}. Verboon-Maciolek et al.[@B18] firstly suggested rotavirus as a cause of cerebral injury in newborns based on the cranial ultrasonography and magnetic resonance imaging (MRI) findings of five preterm and three term infants who developed seizures or apnea during rotavirus infection. Clinical signs during the first week of life were noted in 2 of the 3 full-term infants[@B18]. In preterm infants, the symptoms became evident during the late preterm period (34--36 weeks of postgestation)[@B18]. Cranial ultrasonography demonstrated mild to severe periventricular echogenicity coinciding with illness related to rotavirus infection and subsequent cystic evolution in 6 patients[@B18]. Among these 6 patients, diffuse high signal intensity attributable to a cystic lesion in the white matter was seen on MRI in four preterm newborns[@B18]. The other 2 term infants showed focal diffusion-weighted MRI changes at disease onset and focal white matter cysts on repeat MRI[@B18]. Systemic infection was proven in only 2 patients based on a positive polymerase chain reaction test of the cerebrospinal fluid (CSF) and/or blood[@B18]. Neuroimaging was normal in preterm newborns in weekly cranial ultrasonography before rotavirus infection, and no other causes for seizures/WMI (including human parechovirus, enterovirus, and herpes simplex virus) were detected[@B18]. The researchers[@B18] therefore suggested an association between rotavirus enteritis and WMI indistinguishable from that in late onset cystic-periventricular leukomalacia (PVL). The most impressive finding of Verboon-Maciolek et al.[@B18] was that rotavirus apparently induces diffuse WMI with cystic evolution in the developing brain without direct invasion of the CNS. The adverse neurological sequelae of cystic --PVL highlight the need for additional studies to confirm their findings.

Three recent reports from Korea[@B11][@B12][@B13] lend support to the role of rotavirus infection in WMI. The main findings of these three studies[@B11][@B12][@B13] were similar and can be summarized as follows: (1) Neonates presenting with seizures characterized by a distinctive diffusion-weighted imaging (DWI) pattern had a high positive rate of rotavirus infection. (2) Patients with this DWI pattern were apparently healthy term infants who presented with similar clinical features and suffered seizures between days 4 and 6 of life. (3) Gastroenteritis symptoms were not observed in most cases. (4) Rotavirus was detected only in stool specimens, not in blood and CSF specimens. (5) The presence of other viral pathogens, especially human parechovirus and enterovirus, was not proven. (6) There was no evidence of CSF pleocytosis. (7) Cystic evolution and neurological sequelae were observed in some of the patients. The pattern of WMI was evident on DWI, which showed extensive and symmetrical restricted diffusion in the periventricular white matter and along entire fiber tracts, including the corpus callosum ([Fig. 1](#F1){ref-type="fig"})[@B11]. This pattern was also seen in the full-term infants evaluated by Verboon-Maciolek et al.[@B18]. Most findings of Verboon-Maciolek et al.18) were similar to those reported from Korea[@B11][@B12][@B13], but there were also several differences between the studies. First, preterm newborns were excluded from the three Korean studies[@B11][@B12][@B13], perhaps because it is difficult to perform MRI in preterm neonates at the time of illness for reasons such as the clinical condition of the patients or technical limitations at the evaluating centers. According to Verboon-Maciolek et al.[@B18], outcomes were worse in preterm than in full-term neonates, but this remains to be confirmed. Second, the sample size was larger in each of the three studies from Korea[@B11][@B12][@B13] than in the study of Verboon-Maciolek et al.[@B18]. A 5-year single center retrospective study from Korea by Yeom et al.[@B11] showed that rotavirus infection was identified in 17 neonates with the aforementioned DWI pattern. Other 2 studies[@B12][@B13] from same single tertiary center reported that total 32 infants with this DWI pattern had rotavirus in their stool specimens for 5 consecutive years. By contrast, Verboon-Maciolek et al.[@B18] reported on only eight patients from four hospitals for 6 years. The difference in patient number may be explained by the different patient criteria for testing rotavirus and the sensitivity of DWI in the detection of acute edema. All eight patients in the study of Verboon-Maciolek et al.[@B18] had symptoms compatible with rotavirus gastroenteritis. Thus, rotavirus test seemed to perform in patients with gastroenteritis symptoms. However, in all three Korean studies[@B11][@B12][@B13], a screening test for rotavirus was routinely performed and almost all patients were found to be asymptomatic for rotavirus infection. Thus, if only patients with gastroenteritis symptoms had been tested for rotavirus, a relationship between the two would not have been found[@B11][@B12][@B13]. Verboon-Maciolek et al.[@B18] used ultrasound in their evaluations of preterm neonates. However, the sensitivity of DWI to the acute phase of edema is superior to that of ultrasound and conventional MRI, especially in the immature brain[@B27]. Conventional MRI techniques are insensitive to acute edema in the newborn brain due to the lack of myelination in neonates[@B28]. DWI with corresponding apparent diffusion coefficient maps can detect acute edema earlier and more clearly[@B28]. According to Yeom et al.[@B11], if DWI had not been performed, the unique pattern of WMI might not have been recognized because only subtle signal changes were detected in most of their patients evaluated by conventional MRI techniques ([Fig. 1](#F1){ref-type="fig"}).

Although the long-term neurological sequelae have yet to be defined, rotavirus-associated WMI may not always be benign. Cystic evolution was observed in 27%--75% of patients with rotavirus-associated WMI ([Fig. 2](#F2){ref-type="fig"})[@B11][@B12][@B13][@B18]. Verboon-Maciolek et al.[@B18] reported adverse outcomes, including epilepsy and cerebral palsy, in four of their 8 patients. Lee et al.[@B12] detected mild neurological deficits, including speech or motor delay, in four of the 13 patients included in their study. The factors associated with poor prognosis have yet to be identified; however, they may include rotavirus infection or coinfection with enterovirus in preterm infants[@B13][@B18]. The clinical features of the patients with rotavirus-associated WMI who were described in recent reports[@B11][@B12][@B13][@B18] are surprisingly similar to those of patients with the largely forgotten clinical entity of \'fifth day fits\'. In an examination at median 4.6 years, developmental abnormalities were observed in more than half of the patients with \'fifth day fits\'[@B21].

Comparisons with other viral infections
=======================================

The pattern of WMI seen in rotavirus infections is not unique and is, in fact, strikingly similar to that seen in neonatal enterovirus and parechovirus encephalitis[@B11][@B29][@B30][@B31][@B32][@B33][@B34]. In all 3 infections, the major findings on cerebral imaging are diffuse high signal intensity in the white matter on T2-weighted sequences and restricted diffusion in the periventricular white matter, corpus callosum, and deep white matter. However, the signal changes seen on conventional MRI sequence are more subtle in the WMI of rotavirus infections than in the WMI related to enterovirus and parechovirus infections[@B30][@B34]. A predilection for cystic evolution in the frontal lobes is another common feature[@B11][@B12][@B18][@B30][@B31], as is the timing of WMI susceptibility following viral infection. Despite the broad range in the onset of these viral illnesses, the timing of neurological involvement is 34--42 weeks when corrected for gestational age[@B11][@B12][@B13][@B18][@B30][@B31]. Thus, it seems that the white matter is susceptible to viral infection during the late preterm to full-term period and the final common pathway to virus-induced WMI may not differ among rotavirus, enterovirus, and parechovirus.

However, there are differences in the clinical characteristics of the patients infected with the different viruses. As mentioned above, rotavirus-associated WMI characteristically occurs around the fifth day of life in full-term neonates. By contrast, the onset of illness is more heterogeneous in full-term neonates with enterovirus and parechovirus infections: 2--13 days and 1--49 days, respectively[@B30][@B31][@B32][@B35]. The most notable difference between infections with rotavirus vs. the other viruses is the clinical presentation of the respective patients. Sepsis-like illness, including fever and rash, is observed in most cases of enteroviral and parechviral meningoencephalitis[@B30][@B31][@B32], whereas neither fever/rash nor symptoms of gastroenteritis are seen in most neonatal patients with rotavirus-associated WMI[@B11][@B13]. In cases of rotavirus infection, virus was not detected in the CSF[@B11][@B12][@B13], whereas it is usually detected in the CSF of neonates infected with enterovirus and parechovirus[@B30][@B31][@B33][@B34][@B35]. In addition, CSF pleocytosis was not observed in rotavirus infection but was present in some cases of enterovirus infection[@B11][@B30]. Thus, among the viruses, the detailed pathway to WMI may differ. The similarities and differences in WMI induced by the three viruses are summarized in [Table 2](#T2){ref-type="table"}.

Possible mechanisms of WMI associated with virus infection
==========================================================

The activation of brain microglia is the principal initiating event in systemic infection/inflammation leading to WMI[@B36]. The activated microglia release compounds such as reactive oxygen and nitrogen species and cytokines, all of which are toxic to the premyelinating oligodendrocytes (pre-OLs) in white matter[@B36]. Pre-OLs are highly vulnerable to free radical attack and to glutamate-induced excitotoxicity[@B36]. This is the mechanism underlying pre-OL injury in systemic infection/inflammation, and it results in the acute loss of pre-OL, pre-OL maturation arrest, and/or abnormal myelination[@B36].

In WMI caused by enterovirus and parechovirus, the virus seem to penetrate the brain[@B30][@B31]. The single-stranded ribonucleic acid of enterovirus and parechovirus may activate the microglia via the activation of intracellular Toll-like receptors (TLR) 7 and 8, resulting in WMI[@B37]. In addition, TLR8 localizes to neurons and axons, and its activation results in the inhibition of axonal outgrowth and neuronal apoptosis without CNS inflammation[@B38]. The latter hypothesis could explain the rare finding of CSF pleocytosis in cases of WMI induced by parechovirus[@B37]. Rotavirus, by contrast, is unlikely to penetrate the brain in cases of WMI in newborns[@B11][@B18]. Thus, at least in these patients, WMI caused by rotavirus cannot be explained by either of the 2 aforementioned mechanisms, and how rotavirus leads to WMI in neonates remains unclear.

Future directions
=================

Because rotavirus infection is common in neonatal care units, recent studies[@B11][@B12][@B13][@B18] demonstrating rotavirus-induced WMI would be of great concern to pediatricians. According to these studies[@B11][@B12][@B13], rotavirus is one of the most common causes of neonatal seizures. Furthermore, they[@B11][@B12][@B13][@B18] suggest a new paradigm of viral infection: infection with a common virus can induce WMI in term neonates even without direct invasion. However, the causal link between rotavirus infection and WMI in neonates remains to be validated in prospective cohort studies. If rotavirus infection indeed induces WMI in neonates, the long-term prognosis of these patients determined. Despite the lack of evidence, an enterotoxin of rotavirus (NSP4) has been considered as cause of the neurological complications of rotavirus[@B39]. Thus, the role of toxin-mediated injury deserves further consideration[@B29]. Variability in NSP4 across rotavirus strains may be a key determinant of pathogenicity[@B29]. Or, a host factor may be more important than viral factors. Neonates who had suffered from antenatal subclinical chorioamnionitis may be vulnerable to WMI by postnatal rotavirus infection. Further studies are necessary to clarify the underlying mechanisms of rotavirus neurotoxicity.

Conclusion
==========

The relationship between rotavirus infection and WMI strongly suggests the use of sequential neuroimaging in all rotavirus-infected newborns with neurological manifestations. Neonates with neurological symptoms should be tested for rotavirus infection and evaluated using MRI including DWI. Strict measures to prevent rotavirus infection in neonatal care units should be enforced. WMI seems to be a newly recognized consequence of rotavirus infection in neonates. However, it might be a new aspect of \'fifth day fits\', what we knew but forgot for long time.
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![Magnetic resonance imaging obtained 3 days after the onset of seizures in a term-newborns with seizures in 6th day and rotavirus infection. Diffusion-weighted imaging (A) and apparent diffusion coefficient map (B) show restricted diffusion in the periventricular white matter, corpus callosum, and optic radiation with symmetry. These findings were not apparent in T1-weighted spine echo sequence (C) and T2-weighted fluid-attenuated inversion recovery images (D) (unpublished data from Gyeongsang National University Hospital).](kjped-59-285-g001){#F1}

![Serial follow-up magnetic resonance imaging. (A) Cystic changes was observed in white matter in the frontal lobe at 2.5 months after seizure onset. (B) Note the decreased cerebral white matter volume at 2 years after onset of symptoms. Panels show T2-weighted fluid-attenuated inversion recovery image (A) and T1-weighted spine echo sequence (B) from a same patient who suffered neonatal seizures with rotavirus infection (unpublished data from Gyeongsang National University of Hospital).](kjped-59-285-g002){#F2}

###### Studies of white matter injury in neonatal seizures with rotavirus infection

![](kjped-59-285-i001)

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author                          Year         No. of patients   GA (wk)   Birth weight (g)   Apgar score (1/5 min)   Clinical presentations (cases)                                                                                         Time of onset of illness, days (cGA)   MRI findings (cases)                                                                                                 Virology (positive cases/tested cases)                                  Outcomes (age, cases)
  ------------------------------- ------------ ----------------- --------- ------------------ ----------------------- ---------------------------------------------------------------------------------------------------------------------- -------------------------------------- -------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------- -------------------------------------------------------------------------------------
  Verboon-Maciolek et al.[@B18]   1994--2010   8                 30--40    1,830--4,000       6--9/8--10              Fever (2), sepsis-like illness (2), symptoms of gastroenteritis (6), lethargy (2), rash (0), seizures (7), apnea (1)   6--42 (34--42)                         Periventricular and subcortical cysts on MRI (6), restricted diffusion changes on periventricular white matter (2)   Rotavirus in stool (8/8) and CSF/blood (2/?)\                           Normal (8--12 mo, 3), infantile spasms (3--4 mo, 2), learning disability (5 yr, 1)
                                                                                                                                                                                                                                                                                                                                                                                                         Enterovirus, parechovirus, herpes simplex virus, and adenovirus (0/8)   

  Lee et al.[@B12]                2008--2010   13                37--39    3,000±300          7--9/9--10              Fever (0), rash (0), diarrhea (4), seizures (13)                                                                       4--6 (37--39)                          Restricted diffusion changes on periventricular white matter (13), cystic evolution in 4 of 10 repeated MRI          Rotavirus in stool (13/13)                                              Normal (6--18 mo, 6), speech delay (8--30 mo, 3), motor and speech delay (16 mo, 1)

  Yeom et al.[@B11]               2009--2014   18                36--39    2,500--3,600       8--9/9--10              Fever (1), diarrhea (1), abdominal distension (1), rash (0), seizures (16), apnea (2)                                  4--7 (36--40)                          Restricted diffusion changes on periventricular white matter (18), cystic evolution in 5 of 8 repeated MRI           Rotavirus in stool (17/18)\                                             ?
                                                                                                                                                                                                                                                                                                                                                                                                         Rotavirus and parechovirus in blood (0/15) and CSF (0/4)\               
                                                                                                                                                                                                                                                                                                                                                                                                         Enterovirus in CSF (0/12)                                               

  Oh et al.[@B13]                 2011--2013   30                36--40    ?                  ?/9--10                 Fever (0), rash (0), poor feeding(2), diarrhea (4), seizures (30)                                                      2--7 (?)                               Restricted diffusion changes on periventricular white matter (30), abnormal findings in 6 of 22 repeated MRI         Rotavirus in stool (30/30), CSF (0/25), and serum (0/20)\               ?
                                                                                                                                                                                                                                                                                                                                                                                                         Enterovirus in stool (5/30) and CSF (1/25)\                             
                                                                                                                                                                                                                                                                                                                                                                                                         No detection of parechovirus in any specimens                           
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

GA, gestational age; cGA, corrected gestational age; MRI, magnetic resonance imaging; CSF, cerebrospinal fluid.

###### Comparison of clinical characteristics of white matter injury, rotavirus versus enterovirus and human parechovirus
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  Clinical feature              Rotavirus                                                                                                       Enterovirus                                                     Parechovirus
  ----------------------------- --------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------- -------------------------------------------------------------------------------------------------
  Onset of illness                                                                                                                                                                                              
   cGA (wk)                     34--42                                                                                                          34--42                                                          34--42
   Days in term neonates        4--7                                                                                                            2--13                                                           1--49
   Season                       Fall to spring                                                                                                  Summer to fall                                                  Summer to fall
  Symptoms                                                                                                                                                                                                      
   Seizures                     Almost                                                                                                          Almost                                                          Almost
   Fever                        Rare                                                                                                            Common                                                          Common
   Rash                         Absence                                                                                                         Common                                                          Common
   Gastroenteritis              Rare                                                                                                            Rare                                                            Rare
   CSF pleocytosis              Absence                                                                                                         Common                                                          Rare
  MRI findings                                                                                                                                                                                                  
   T2-weighted sequence         No or subtle changes in signal intensity on WM                                                                  Diffuse high signal intensity in the WM                         Diffuse high signal intensity in the WM
   Diffusion-weighted imaging   Extensive and symmetric areas of restricted diffusion in the periventricular WM, corpus callosum, or thalamus   Restricted diffusion in periventricular WM or corpus callosum   Symmetric areas of restricted diffusion in the periventricular WM, corpus callosum, or thalamus

cGA, corrected gestational age; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; WM, white matter.
